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Collagen is the fundamental structural protein, comprising 25e35% of the total body protein, its rod-like
triple helix providing support in many tissues. Our laboratory has synthesised 113 Toolkit peptides, each
63 residues long, covering the entirety of the homotrimeric helix sequence of collagen II and collagen III.
These are used primarily to investigate proteinecollagen interactions, from which biomedical applica-
tions are under development. Upon increasing the temperature of a Toolkit peptide solution, a novel low
temperature transition (LTT) as well as a broadening of the helix unfolding higher temperature transition
(HTT) was observed. Here, we hypothesized that unfolding of imperfect helices can account for the LTT.
Peptides of various purities were isolated by HPLC or gel ﬁltration, and their unfolding measured by
polarimetry, CD, and DSC. The resulting temperature transitions were ﬁtted to a kinetic unfolding
equation, allowing comparison of the data, and explanation of the observed melting curve complexity as
due to peptide imperfections. Finally, using a mathematical model, this data can be replicated by setting
a parameter that quantiﬁes the mutual stabilization conferred by helices on each side of a peptide defect
within a triple helix.
 2011 Els evier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Proteins of the diverse collagen family form the primary struc-
tural scaffolds of the body. Accordingly, they bind a wide variety of
molecules including adhesion proteins, lipoproteins, receptor
proteins, glycosaminoglycans, and nucleic acids. Entire families of
proteases are devoted to collagen breakdown, and collagen has its
own protein chaperones to aid its folding and assembly into
structural elements so it can be remodelled after injury and during
growth [1]. Model collagen peptides have become essential tools
for collagen research [2e4]. As shorter representations of whole
collagen, they have been used to locate binding sites on collagen
[5e12], for tissue engineering [13e15], for diagnostics [16], as
ligands for platelet and cellular receptors [5,10], as tools for inves-
tigating chemical kinetics [17], and such peptides are well charac-
terised by structural biology studies [9,18e30].
As part of this effort, our laboratory has synthesised peptides
varying in length, between the minimal 21-residue sequenceTT, high temperature transi-
,N-Dimethylformamide; CRP,
ALDI, Matrix-assisted laser
s(2-carboxy-ethyl)phosphine
: þ44 1223 333345.
-NC-ND license.required for stable collagen helix formation at room temperature,
up to Toolkit peptides 63 residues long. Toolkit peptides have a 27-
residue “guest” collagen sequence framed between the helix-
inducing “host” sequences GPC(GPP)5- and -(GPP)5GPC, and their
helicity has been shown to be required for location of protein
binding sites on collagen. This Toolkit set comprises over 150
peptides, covering all of the triple-helical COL domains of collagens
II and III and some of collagens I and IV, and its diversity of
sequence supports all the biomaterial applications above.
Collagen helix formation requires a repeating G-X-X0 triplet,
where G is glycine, X is commonly proline (P), and X0 is commonly
hydroxyproline (O). To check peptide helicity, optical or calori-
metric changes are measured upon helix unfolding as the
temperature is increased. For polarimetry [7] and CD [17], the ideal
unfolding signal for a homogeneous helix population is a single
sigmoidal curve. Likewise, the ideal DSC unfolding signal approxi-
mates to a single Gaussian curve [27]. However, analysis of Toolkit
peptides revealed more complex signals. The expected “high
temperature transition” (HTT) was observed (between 35 C and
55 C), but this was preceded by a broad “low temperature tran-
sition” (LTT) event occurring over a range of up to 20 C. Both
transition signals have sigmoidal (CD/polarimetry) or Gaussian-like
(DSC) characteristics similar to helix unfolding. The LTT could be
due to peptide self-association into a higher order structure
[3,21,23], helix strand misalignment [24], structural distortions
caused by peptide imperfections [18,20,25,26], a change in helix
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or might have other unknown origins.
Here, we hypothesize that unfolding of imperfect helices can
account for the LTT, and that only one peptide strand of a triple
helix needs to be imperfect in order to destabilise its structure.
These imperfections, as quantiﬁed by mass spectroscopy, are
impure peptides where the canonical G-X-X0 sequence required for
collagen helicity is disrupted by additions or deletions of an amino
acid. To investigate this hypothesis, empirical unfolding data from
Toolkit peptides at different stages of puriﬁcation was collected.
The hypothesis was also tested using the 36-residue collagen-
related peptide (CRP), GCO(GPO)10GCOG-NH2.
Work on these shorter collagenous peptides, up to 36 residues,
dominates the ﬁeld [1]. They offer fewer permutations for possible
misalignment during helix assembly and are easier to synthesise at
high purity, minimising two of the possible causes of the LTT listed
above. Even so, this LTT is observable in some previous reports
[19,32], but has remained largely unremarked upon, possibly due to
its apparently small magnitude when viewing primary rather than
ﬁrst-derivative CD or polarimetry data. Few papers provide mass
spectroscopy data, e.g [19]. and Fig. 2 [32], rendering purity difﬁcult
to assess retrospectively, and often there are no remarks made over
the impurities (e.g. minus proline) shown in a mass-spectroscopy
plot [24]. In summary, there may be several reasons why litera-
ture on the LTT is sparse.Fig. 1. Puriﬁcation and analysis of Toolkit peptide III-10. (a) Mass spectra of crude III-10 pep
ml solution in 10 mM phosphate buffered saline (pH 7.4) which was allowed to fold at 8 C
mass spectrum from which the line spectra at left was derived. (b) and (c). As (a), excep
polarimetry analysis for samples (aec) respectively. Peaks representing the HTT were mode
area under these peaks was considered to be the proportion of the total signal (thick lines)
1  103 deg cm1 K1. Multiplying by 218 converts polarimetric rotation in deg. to rotatioFinally, we discuss the extent to which a mathematical model
can account for this LTT by deﬁning known quantities of imperfect
peptide as a parameter, and adjusting other parameters in order to
match closely our experimental results. From this, we propose
a two-ﬁt unfolding analysis for use in characterising the HTT and
LTT of peptides in future studies.2. Procedures
2.1. Peptide synthesis
Peptides were synthesized as C-terminal amides on TentaGel R-
Ram resin using an Applied Biosystems Pioneer solid phase peptide
synthesiser. Fmoc-amino acids (4 eqv.) were activatedwith O-(1H-6-
Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyl-uronium hexaﬂuoro
phosphate (4 eqv.) in the presence of N-ethyldiisopropylamine (8
eqv.). C-terminal cysteine was coupled as Fmoc-Cys(trityl) penta-
ﬂuorophenyl ester (4 eqv.) in the presence of N-Hydroxybenzo-
triazole (HOBt, 4 eqv.). Fmoc deprotectionwas effected with 2% (v/v)
piperidine and 2% (v/v) 1,8-diazabicyclo- [5,4,0]undec-7-ene in N,N-
Dimethylformamide (DMF).When glycine is followed by aspartate, it
was introduced into the sequence as Fmoc(FmocHmb)Gly-OH to
avoid aspartimide formation, and all subsequent deprotections were
effected with 20% (v/v) piperidine in DMF with 0.1 M HOBt. Alltide (left), with accompanying polarimetry denaturation data (top right) from a 2.5 mg/
for 12 h, upscanning at 1 C min1. Inset (middle) is the 5 þ ion section of the original
t for HPLC-puriﬁed and HPLC re-puriﬁed III-10 peptide respectively. (def). Derivative
lled (thin lines) using the D/z rate equation as described in materials and methods. The
which could be ascribed to the HTT (Table 3a). The scale bar for the derivative data is
n in deg cm2 dmol1.
Fig. 2. Investigating ﬁve Toolkit peptides using different techniques. Raw (DSC) and derivative (polarimetry and CD) data illustrate helical unfolding transitions. The scale bar for
derivative data is 103 deg cm1 K1 or 0.22 deg cm2 dmol1 K1 polarimetric rotation units. In CD[q]225 units, it is 1 deg cm1 K1 or 218 deg cm2 dmol1 K1. In DSC units, it is
1 J g1 K1 or 5.5 kJ mole1 K1. Data is curve ﬁtted using the D/z equation in order to demonstrate signals due to the LTT and HTT. Approximate peptide purities from mass
spectroscopy for each peptide are quoted to the left.
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sequences and abbreviations are given in Table 1.
Cleavage of the peptides from the resin and simultaneous side-
chain deprotection was done by treatment of the peptide-resin
with a triﬂuoroacetic acid, water and triisopropylsilane mixture
(95:2.5:2.5 v/v, 10 mL) containing DL-dithiothreitol (0.25 g), for 3 h.
The resin was ﬁltered and the ﬁltrate concentrated under reduced
pressure to ca. 1 mL volume, after which the crude peptides were
precipitated with ice-cold ether. The ﬁltered crude peptides were
ether-washed (twice), dissolved in 5% acetonitrile in water con-
taining 0.1% triﬂuoroacetic acid and then lyophilized.
Crude products were puriﬁed by reverse phase HPLC on an ACE
phenyl 300 (10 mm) column using a linear gradient of acetonitrile in
water containing 0.1% triﬂuoroacetic acid. Fractions of peptides III-
10 and III-30 containing the purest product were identiﬁed bymass
spectroscopy and by analytical HPLC on an ACEphenyl300 (5 mm)
column. They were pooled and freeze dried. This puriﬁcation was
however unsatisfactory for peptide III-30, and we also needed
purest possible III-10 for comparative purposes. Therefore, weHPLC
re-puriﬁed (same methodology) these peptides, accepting low
yields to attain higher purity. For the CRP preparation (see Table 1),
all fractions containing enough peptide for analysis were individ-
ually freeze dried, except for the very similar and purest fractions
4e6, which were pooled. The freeze dried CRP fractions were all
analyzed using polarimetry.Table 1
Peptides used in this study and their mass.
Peptide Sequence
CRP GCO-(GPO)10-GCOG-NH2
II-05 GPC-(GPP)5-GARGFOGTOGLOGVKGHRG
II-40 GPC-(GPP)5-GRVGPOGSNGNOGPOGPO
III-10 GPC-(GPP)5-GQPGPOGPOGTAGFOGSOG
III-24 GPC-(GPP)5-GPKGNDGAOGKNGERGGO
III-30 GPC-(GPP)5-GAOGLRGGAGPOGPEGGKG
III-53 GPC-(GPP)5-GIKGHRGFOGNOGAOGSOGThe production of long peptides in sufﬁcient quantity (0.1 g
scale) for widespread use is necessarily a compromise between
yield and purity. This is because an imperfect peptide usually differs
by only one added or deleted residue in 63, rendering the separa-
tions above difﬁcult.
2.2. Mass spectroscopy
Peptide samples were desalted by adsorbing to pre-conditioned
mC18 Ziptip (Millipore) before elution and use. For Matrix-assisted
laser desorption/ionization mass spectroscopy (MALDI), samples
were washed with 0.1% triﬂuoroacetic acid and eluted with matrix
solution. For Electrospray, samples were eluted with 70% MeOH/
0.2% formic acid. When run on the Waters MALDI MicroMX,
samples were mixed with ferulic acid matrix (10 mg/ml in 50%
acetonitrile, 0.1% triﬂuoroacetic acid), dried and washed with 0.1%
triﬂuoroacetic acid. Data was collected at laser power just above
threshold level, continually moving the laser target position after
1e2 shots in order to minimise fragmentation. All peptides were
checked for their expected (reduced) mass by mass spectroscopy,
and the signal strength for that peak was assigned a value of 100.
We considered masses ofþ23,þ18, andþ39 Da to be pure peptides
with additional sodium, water, or potassium bound non-covalently.
Most other peaks could be accounted for by additions or deletions
of glycine, proline, or cysteine at some unknown, presumablyMass (Da)
3294
YOGLDGAK-(GPP)5-GPC-NH2 5710
GPSGKDGPK-(GPP)5-GPC-NH2 5525
AKGEVGPAe(GPP)5-GPC-NH2 5432
GGOGPQGPO-(GPP)5-GPC-NH2 5500
AAGPOGPO-(GPP)5-GPC-NH2 5324
PAGQQGAI-(GPP)5-GPC-NH2 5573
Fig. 3. NMR temperature spectra for Toolkit peptides. Each stack of 11 spectra show data taken from 8 C to 58 C in 5 C increments. Below each stack is a spectrum taken at 8 C
immediately after the 58 C spectrum, while the peptide is still non-helical. Single strand Glycine-NH peaks are highlighted in light grey and proton peaks that could be unam-
biguously assigned and attributed to the helix are highlighted in darker grey.
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ionize in a similar manner to the pure peptide, with similar signal
strength per molecule, allowing us to compile tables showing the
relative abundance of pure and imperfect peptides, and estimate
overall purity.
2.3. Gel ﬁltration separation of peptide helices from monomeric
component chains and TCEP
Peptide samples were prepared by diluting 200 ml of 1 mg/ml
peptide with 600 ml of cold 10 mM phosphate buffered saline (pH
7.4), and Tris(2-carboxy-ethyl) phosphine hydrochloride (TCEP)
added to a ﬁnal concentration of 2 mMwhere appropriate. Samples
initially at 4 C were loaded onto a Bio-sep Sec-S2000 Gel ﬁltration
column (300  21.2 mm, 5 mm bead size, 14.5  1.5 nm pore size)
equilibrated at 10 C in the same buffer. Running isocratically, the
eluant was monitored at 214 nm. Peaks were ﬁtted mathematically
using a combination of the Rankin equation to model the peak
broadening effects of variable pore sizes within any one gel ﬁltra-
tion resin [33], and work to model the peak broadening effects of
diffusion and inhomogeneity of ﬂow [34].
2.4. Helical unfolding transitions determined by polarimetry, CD,
NMR, and DSC
Each peptide was dissolved at 2.5 mg/ml in phosphate buffered
saline pH 7.0 with 2 mM Tris(2-carboxy-ethyl)phosphine hydro-
chloride (TCEP). They were heated at 60 C (90 C for CRP) for
15 min to dissociate the triple-helical form and then kept at 4 Covernight (10e18 h) to refold. Peptide solutions were heated from
8 C to 80 C (90 C for CRP) at 1 C/min. Observations were made
every 16 s when using a Microcal VP-DSC, every 15 s when using an
Autopol III polarimeter, or every 60 s when using a Aviv215 CD
spectrophotometer at 225 nm. For polarimetry and CD, the change
in optical rotation or ellipticity every 2.5 C was plotted against
temperature, giving transition curve similar to those observed by
DSC. We did not observe any transitions related to the presence of
TCEP.
For NMR, after allowing helical refolding for 12e18 h, peptide
solutions were initially probed at 8 C using a Brucker AMX 600
spectrophotometer (128 scans, w170 s). The temperature was
raised to 13 C over 30 s and allowed to equilibrate for 30 s. The
coils were re-shimmed andwater suppression parameters adjusted
over the next 90 s so as to recommence data acquisition at 13 C as
close as possible to 5 min later than it was commenced at 8 C. The
procedure was repeated up to 58 C in 5 C increments, resulting in
an overall rate of temperature increase of 1 C/min. The machine
was restored to 8 C as rapidly as possible, the original parameters
reset, and a ﬁnal probe made to obtain a non-helical spectrum at
8 C, before the peptide could re-fold.2.5. Deconvolution of polarimetry, circular dichroism, and
differential scanning calorimetry data
The D/z kinetic equation was ﬁtted to these transition curves in
order to investigate peptide helix unfolding. This equation is
reproduced below [27].
Fig. 4. Polarimetry traces from HPLC- puriﬁed CRP and impure fractions. Raw data from just fractions 4e6, 8, and 13 (4e6 being pooled) are shown in panel (a) for clarity, and
derivatives of all data are in panel (b), best-ﬁtted to a 76.2 C HTT that ﬁtted pure peptide data. The fraction of signal that could be accounted for by the 76.2 C HTT was calculated
and detailed in Table 3b. This is lower than that assigned to the HTT if the data was all handled independently (Table 4). For panel (a), the scale can be converted to rotation in
deg cm2 dmol1 by multiplying by 132. The bar in panel (b) is 103 deg cm1 K1 or 0.13 deg cm2 dmol1 K1.
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2:303
De
exp

2:303ðT  TeÞ
z

The assumption that ln(k(unfold)) increases linearly with
temperature has been proven for the unfolding of collagen helices
[27]. The equation can be rearranged to the following, relating Tmax
with the D and z parameters.
Tmax ¼ Te þ z2:303 ln

rDe
z

Here, Tmax is the temperature at which the maximal rate of helix
unfolding occurs; r ¼ scanning rate (1 C/min); Te ¼ theFig. 5. Puriﬁcation of Toolkit peptide III-30 by Gel ﬁltration. The gel ﬁltration of 29%-pur
component of III-30 away from the reducing agent TCEP and single chain peptide that did
separation (b), for re-puriﬁed HPLC III-30 (c), for Gel ﬁltration-separated helix (d) and for sin
bar is as for Fig. 1.temperature at which the experiment is currently running;
De ¼ the time at temperature Te for the number of folded helices to
reduce by a factor of 10; and z ¼ the increase in temperature
required for the value of D to decrease tenfold. When Te ¼ Tmax, this
equation simpliﬁes to give D(Te ¼ Tmax) ¼ z/r, a direct relationship
between D and z dependent on the scanning rate. So, when the
scanning rate is 1 C min1, as used here, D(Tmax) has the same
numerical value as z, with D(Tmax) expressed in minutes and z in C.
For general quality control of peptides in our laboratory, we use
the Excel solver algorithm to optimize two sets of three parameters
from this equation (Tmax, z (¼D), and peak intensity), describing the
two kinetic events of the HTT and the LTT (Fig. 2). The optimizatione HPLC-puriﬁed fraction in trace (a) shows the separation of the higher mass helical
not fold to a helix. Polarimetry derivative traces are given for the same sample before
gle strand (e) samples after they had been given time to refold at 4 C for 12 h. The scale
D.A. Slatter et al. / Biomaterials 32 (2011) 6621e66326626was done by minimizing the residual signal not accounted for by
these two events. Tmax is the temperature where the derivative’s
signal at its greatest, reﬂecting the point of fastest helix unfolding, z
describes the peak width, while the equation form sets the peak
shape.
When we obtained multiple datasets from peptide fractions of
varying impurity (Figs. 1,4 and 5), we generated a model peak to ﬁt
the HTT, initially from the purest peptide preparation. We esti-
mated the proportion of the total unfolding signal that could be
accounted for by this main transition for each sample, considering
it the “percentage signal accounted for by the high temperature
transition”.2.6. Modelling effects of peptide imperfections upon a helix
unfolding transition
Dr A. Persikov [28] kindly supplied helical unfolding Tmax values
for a test set of (GPP)n and (GPO)n peptides. These data have been
used to predict Tmax depending on the peptide sequence, its length,
and whether it is amide blocked on the carboxyl terminal or not
(http://compbio.cs.princeton.edu/csc/). Table 2 shows calculated
Tmax values of (GPP)n using this data. Peptide imperfections should
then contribute to a population of helices with a decreased Tmax,
because addition or deletion of an amino acid in collagen disrupts
the canonical Gly-X-X0 repeating unit required for helix stability. At
one extreme, imperfection might cause total disruption, in that the
residues either side of the imperfection fold to form two thermo-
dynamically separate helices that make no contribution to each
other’s stability. For example, if a 21-triplet (GPP)n helix with a Tmax
of 62 C when pure had an imperfection between the 9th and 10th
triplet, this might result in two independent helices of 9 and 12
triplets, with melting temperatures of 18 C and 43 C respectively.
At the other extreme, the imperfection, being on only one strand of
the helix, might have no demonstrable effect, and the whole pop-
ulation of helices, imperfect or not, unfolds at 62 C. Between these
two extremes a helix may form on one side of the imperfection and
induce helicity on the other side to some degree, contributing a link
bonus to helix stability.
Continuing the above example, if imperfection does not affect
stability, both peptide sections on either side of the imperfection
unfold simultaneously at 62 C as if they were a perfect 21-triplet
helix. The link bonus then increases the stability of the 9-triplet
helix by þ44 C (62 Ce18 C) and the 12-triplet helix by þ19 C
(62 Ce43 C). If half the maximum link bonus is conferred across
the imperfection, the 9-triplet section would unfold at 40 C
(18 C þ 22 C link bonus). With the 9-triplet section unfolded, the
12-triplet section then has no link bonus, so it unfolds at 43 C. ThisTable 2
Imperfection model predicting helical stabilities within a (GPP)21 helix Top: Helices 5 21 t
21 being the full (GPP) 21 helix. 2nd row: The expected Tmax for these helix lengths if they
stability increase conferred by the remaining helix ranges from 0 to 138 C here if the imp
row: Helical stabilities when the imperfection has an effect, with link bonuses of 50% a
imperfection, so the ﬁnal stabilities of each section on either side of an imperfection is sho
if water did not freeze. These are of course impossible, but can give some handle on how th
the predicted stability above 0 C. Underlined numbers show helix fragments that have b
grey surround show a patch were a number of helical sections all unfold at temperature
Length of fragment, n, (GPP)n 5 6 7 8 9 10
TmaxC L66 L37 L14 4 18 28
Max. link Bonus in C (þ100%) 138 99 76 58 44 34
TmaxC including link bonus:
Link bonus þ50% L2 13 24 33 40 45
Link bonus þ75% 30 37 43 48 51 54
Actual Tmax C for helix fragment
Link bonus þ50% L2 13 24 33 40 45
Link bonus þ75% 30 37 43 48 51 54concept can generate complex effects. For instance, if the link bonus
is again half of the maximum, an imperfection between the 7th and
8th triplet means that the longer 14 residue-helix on one side of the
imperfection, with a Tmax value of 51 C, can induce the 7 residue-
helix on the other side of the imperfection to fold with a Tmax of
24 C (14 C þ 38 C link bonus). Under this imperfection model,
when this molecule is heated, 7 triplets of the helix unfold with
a Tmax of 24 C, and the rest with a Tmax of 51 C. Instruments will
record the corresponding result, displaying both a low and high
temperature transition.
Melting temperatures expected for helix sections of 5e21 trip-
lets with 50% or 75% link bonuses are shown in the ﬁnal row of
Table 2, where the remaining 16e0 triplets of a 21 triplet Toolkit
helix are on the other side of the imperfection. When the imper-
fection is towards the middle of the helix, both helix fragments on
either side of it can stabilize each other, resulting in a relatively
small temperature range (Table 2, numbers highlighted behind in
grey) within which most of the imperfect helices unfold.
Instrumental recordings were then compared with melting
curves generated using this imperfection model. The model does not
give a thermodynamic description: its value is to verify whether
imperfect peptides could account for the observed melting curve
complexity. Imperfections were assumed to occur randomly along
the length of the peptide, and thus there are many minor contri-
butions to a full unfolding proﬁle from each possible location of an
imperfection along a helix. The model has three parameters, the
impurity percentage, estimated from mass spectroscopy, the link
bonus conferred by adjacent helices across the imperfection
(0e100%), and the intrinsic peak width (C) of any one molecular
species when unfolding, deﬁned as the parameter z (Equations (1)
and (2)). As the purity is known, and the intrinsic peak width (z) is
similar for all peptides of similar length, the link bonus can be ﬁtted
such that a model unfolding curve of an impure peptide mixture
approximates to empirical data. This also allows the investigator to
estimate the effects of planned helix interruptions [35] upon the
unfolding proﬁles of collagen peptides before synthesis of the
peptide.3. Results
3.1. Status of Toolkit peptide III-10 after peptide synthesis and HPLC
puriﬁcation
Fig. 1 shows mass-spectroscopy data of crude (1a), HPLC-
puriﬁed (1b), and HPLC re-puriﬁed (1c) peptide III-10 (Table 1).
Themain impurities were found to differ from the pure peptideM/z
peak by only one residue (minus Cysteine or plus Glycine). We referriplets long represent the length of helix on one side of a helical imperfection, length
were independent helices and amide blocked on C-terminus. 3rd row: The maximal
erfection has no effect. (100% link bonus, Tmax ¼ 62 C as for a 21 triplet helix). 5-6th
nd 75%. Bottom two rows: The link bonus requires a helix on the other side of the
wn. Bold numbers show stabilities or derived stabilities predicted by the algorithm as
emodel may operatewhen a stability bonus is conferred by an adjacent helix to raise
eneﬁtted in stability from a helix on the other side of the imperfection. Numbers in
s close to each other.
11 12 13 14 15 16 17 18 19 20 21
36 43 48 51 54 57 59 60 61 62 62
26 19 14 11 8 5 3 2 1 0 0
49 52 55 57 58 59 60 61 62 62 62
56 57 59 60 60 61 61 61 62 62 62
45 43 48 51 54 57 59 60 61 62 62
54 51 48 51 54 57 59 60 61 62 62
Table 3
Analysis of peptide preparations of peptides III-10, CRP, and III-30 3a) Major mass components of crude, puriﬁed, and re-puriﬁed III-10 are recorded to give an electrospray
mass-spectroscopy purity estimate (n ¼ 2, different days). In darker grey, impurities deriving from deletions or additions of Cysteine, Alanine, Proline and Glycine are listed
with their effect on theM/z. Reading the numbers in light grey cells across from each sample listed at left, the pure peptideM/z peak has been defaulted to an intensity of 100,
and the intensities of impurities given relative to this. TheM/z purity estimate is calculated by dividing the intensity of the pure peptide peak (and its ion/water derivatives) by
the row’s sum of all the intensities listed in light grey cells. The percentage of pure helices within a population of folded helices is then estimated in brackets (but see
discussion). The proportion of the total signal that could be accounted for by a single high temperature transition (HTT), is given in the right hand column and estimated by
ﬁtting to a D/z unfolding transition (equations (1) and (2)). The total polarimetric rotation change from 8 to 60 C for a 2.5 mg/ml solution in PBS is given in square bracket
(10 cm path length). 3b) Analysis is as for Table 3a, but for HPLC puriﬁcation of CRP (Fig. 4a,b), where fractions 4e6 were considered “pure”, and later fractions impure. Fraction
purity was estimated from the mass spectrum, while polarimetry was used to estimate the proportion of total signal from a high temperature transition. The total polarimetry
signal change from 8 to 90 C at 1 mg/ml in 200mMAcOH across all the datasets wasþ0.1430.012 over a 10 cm path length, from a starting signal of0.4280.005. 3c)
Analysis is as for Table 3a. The mass spectrum preparation of HPLC-puriﬁed III-30 meant it was still unusable. However, this sample could be puriﬁed by Gel ﬁltration to give
“strand” and “helix” fractions (Fig. 5a) that were probed by polarimetry (Fig. 3bed), or further re-puriﬁed by HPLC if one was prepared to accept signiﬁcant losses.
3a - III-10 Pure Peptide Signiﬁcant impurities M/s (helical) Purity Estimate % % signal from HTT, Polarimetry
State M/z
5432
-H20,
þ[O],
þNa/Kþ
Cys Pro Gly Gly Ala Pro Other M/z > 5200
103 97 57 þ57 þ71 þ97
Crude 100 40 12 6 1 19 6 5 14 69 (33) 55 [0.337]
Puriﬁed 100 29 10 5 3 10 2 3 8 75 (41) 67 [0.379]
High purity 100 28 1 2 3 4 2 3 3 88 (68) 78 [0.410]
3b - CRP Pure peptide Signiﬁcant impurities M/s (helical) Purity Estimate % % signal from HTT,
Polarimetry
R-phase
column
fraction
M/z
3294
þH2O
þ Naþ
þ Kþ
Gly Pro Pro Gly Gly Pro Cys 2Gly Other M/z > 2500
154 97 57 þ57 þ97 þ103 þ114
4 to 6 100 18 e e e 3 e e e e 97 (91) 91
7 100 5 e e e 33 e e e e 76 (44) 68
8 100 24 e e e 48 e e e e 72 (37) 53
9 100 e 23 49 15 67 e 41 e 123 24 (01) 34
10 100 23 e 40 e 73 42 e e 43 38 (05) 35
11 100 e e e e 108 139 e e e 29 (02) 31
12 100 e e e e 161 e e 26 e 35 (04) 47
13 100 e 125 e 38 e e e 63 e 31 (03) 39
3c - III-30 Pure Peptide Signiﬁcant impurities M/s (helical) Purity Estimate % % signal from HTT,
Polarimetry
Gel
ﬁltration
fraction
M/z
5324
þH2O
þ Naþ
þ Kþ
2Pro 2Gly Pro Gly Pro Pro Gly Gly Pro Other M/z > 5000
194 211 154 97 57 þ57 þ97
HPLC-puriﬁed 100 5 15 11 20 51 31 31 5 89 29 (02) 26 [0.242]
Strand 100 12 18 12 22 67 40 59 7 103 25 (02) 20 [0.246]
Helix 100 6 10 0 10 30 23 16 0 25 48 (11) 80 [0.326]
HPLC-Repuriiﬁed 100 7 2 0 0 4 13 6 3 5 77 (46) 69 [0.334]
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purity improvements upon HPLC puriﬁcation and re-puriﬁcation,
from 69% (crude), to 75%, and then to 88% (Table 3a). Unfolding of
the III-10 samples was initially observed by polarimetry (Fig. 1 aec)
and derivatives plotted (Fig. 1def). In Fig. 1def, a Tmax (HTT) was
ﬁtted to the purest sample, being 78% of the total signal, (Fig. 1f),
and then its parameters were held in order to see howmuch of the
total signal could be accounted for by this HTT in less pure samples,
being 67% and 55% of the total signal in Fig. 1e and d respectively.
To compare these data with results from other techniques, we
investigated theHPLC-puriﬁed sample also using CD andDSC (Fig. 2),
and 67% of the total polarimetry rotation change between 8 C and
70 C, 58% of the CD ellipticity change and 63% of the DSC endotherm
was due to the HTT. In terms of signal, this is 0.337 (82.2 deg
cm2 dmol1) for the polarimeter, 41 millidegrees cm1
(8.94 deg cm2 dmol1,[q]225) for CD, and 63 J g1 K1
(347 kJmol1 K1) for DSC. All techniques yielded similar Tmax values
(Fig. 2). Therefore, only a proportion of the data, 58e67% for the
HPLC-puriﬁed peptide fraction across all three techniques, could be
attributed to the HTT. From the polarimetry results, this improves to
78% when the peptide is re-puriﬁed (Fig. 1f and Table 3a), but is
merely 55% before puriﬁcation (Fig. 1d and Table 3a).
The simplest model, inwhich perfect and imperfect peptides are
assumed to associate randomly to form helices, gives estimates of
helix purity much lower than peptide purity (Table 3a), since only
one imperfect peptide strand is required to render each helix
imperfect. These estimates of helix purity are lower than theproportion of signal attributable to the HTT (Table 3a). However,
loss or gain of a residue close to the end of a peptide strand, such as
minus Cys, is unlikely to affect helix formation. If one makes that
assumption, the respective helical purities of crude, HPLC-puriﬁed,
and HPLC re-puriﬁed peptides are estimated by mass spectroscopy
as 41%, 53%, and 70%. In reality, helical purities might be expected to
be even greater than these latter values, as imperfect peptides with
interruptions in the canonical G-X-X0 repeat are intuitively less
likely to fold into helices.
3.2. Using four techniques to compare III-10 data with four other
Toolkit peptides
To ensure that the above results were not peculiar to peptide III-
10, and to further compare polarimetry with DSC and CD, we
investigated four other peptides. These peptides displayed transi-
tions at different temperatures, and had different proportions of
total signal attributable to the HTT. Comparative data with
approximate peptide purities (minus Cysteine counted as pure for
these purposes) are shown in Fig. 2.
Within Fig. 2, we show two ﬁtted peaks as for an HTT and LTT
analysis based on a single dataset. An LTT is observed in all
peptides, and the data for all three techniques are sufﬁciently
similar to be used interchangeably. The lower signal of II-5 may be
due to slow refolding, a process for investigation in future.
As the LTT is a new observation that can be of similar magnitude
to the HTT, we probed it by NMR in case it represented an unknown
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proof that the HTT was indeed attributable to helix unfolding. In
Fig. 3, Helix-speciﬁc 1H NMR peaks were identiﬁed in two ways.
First, an NMR spectrum at 8 C after 12e18 h of refolding was
compared with another spectrum where the peptide had been
cooled from 60 C to 8 C without allowing time for helix refolding.
Second, we tracked the chemical shift (ppm) of Glycine-NH protons
with temperature. Values below w5 ppb K1 indicate that the
proton is protected from solvent, which is only the case in helical
peptides [29]. These peaks are highlighted in Fig. 3 and their iden-
tities and ppm shifts are given in supplementary Table 1. The
disappearance of the helix peaks correlated with the completion of
the HTT recorded using the other three instruments. These experi-
ments prove that the HTT involves helix unfolding, but could not
verify whether there was helix unfolding during the LTT because
peak broadening preventedquantitative analysis of the peaks. There
was no evidence to suggest that the LTT represents a change from
one helical form to another, such as a change in the helical pitch.3.3. Analysis of CRP fractions after HPLC puriﬁcation
We now show data from a shorter 36-residue peptide. Fig. 4a
showspolarimetry traces of samples encompassing fractions 4e6, 8,
and 13 of anHPLC puriﬁcation of crude CRP (Table 1). These data and
those from the remaining fractions 7, 9,10,11, and 12 are derivatized
to give the traces in Fig. 4b. The mass spectrum of each fraction and
its estimated purity, with a calculated resulting helical purity, is
given in Table 3b. The purest fractions 4e6 had a narrow HTT signal
with a Tmax at 76.2 C. This HTT accounts for a progressively smaller
amount of the total signal as peptide imperfections increase across
fractions 7e13 (Table 3b). The reduction in the HTT was estimated
by measuring the maximum proportion of the total transition from
those datasets that could be accounted for bya narrowHTT identical
to that observed from the purest fractions 4e6.
Some peptide fractions contained peptide with two or more
imperfections, and very high impurity levels. For instance, fraction
13 has just 31% purity, with12% of the peptide having 1 imperfec-
tion, and 57% of the peptide having 2 imperfections. If helix
formation is random and equally likely, this would mean that just
2.9% of its helices are pure, with others having up to six imper-
fections in relative proportions of 3.2%, 17.5%, 12.5%, 32.9%, 11.6%,
and 19.2% successively. Despite this, the total signal as reported by
polarimetry is similar for all the different CRP fractions, implying
that many imperfect CRP strands can still fold to form less stable
helices. This is because CRP, a GPO polymer, has a near-perfect
sequence for collagen helix formation. Even clipping it entirely
into two equal parts yields helices with a Tm of approximately
7e8 C [28], so multiple imperfections are required to prevent
folding entirely. Some imperfections must have little effect: for
fractions 9e13, 30e40% of the total signal can be accounted for by
an HTT of 76.2 C, far in excess of the expected proportion of pure
helices of just 1e5%.
This shows that even with shorter peptides, if the folding
temperature is low enough (e.g. 4 C) for a LTT to be observed, and
the stability of the pure helix high enough [35], most of the
imperfect peptide still forms a helix.3.4. Analysis of gel ﬁltration fractions from low purity III-30 peptide
Gel ﬁltration provides a method which can purify a peptide in
triple-helical state, different from HPLC puriﬁcations that operate
on an unfolded peptide. Initial puriﬁcation of III-30 using HPLC
yielded a sample of just 29% purity, unacceptably low (Table 3c).We
improved this in two ways:First, a portion of the refolded HPLC-puriﬁed sample prior to
polarimetry was loaded onto the gel ﬁltration column (Fig. 5a). This
data was deconvolved using existing methodology [33,34] to show
the three different components, where the highest mass helical
component eluted ﬁrst, and was collected separately from the TCEP
and single-strand components. The helical and TCEP/single-strand
components were concentrated, heated and refolded 12 h at 8 C
prior to polarimetry (Fig. 5d, e), for comparisonwith the sample as it
was prior to gel ﬁltration. In the helical component, the proportion
of signal due to the HTT increased to 80% compared to a prior 26%,
and the fraction was 48% pure. In the TCEP/strand component, the
proportion of the HTT decreased to 22%, the fraction being 25% pure.
Second, we re-puriﬁed the peptide by HPLC as described in
materials and methods, retaining only the purest eluted fraction.
This achieved a purity of 77% by mass spectroscopy (Table 3c). To
check the effect of this increased purity upon helix formation, the
HPLC-puriﬁed and HPLC re-puriﬁed samples were concentrated,
heated and refolded for 12 h at 8 C prior to analysis by polarimetry
(Fig. 5b, c). The proportion of signal due to the HTT increased from
26% to 69% (Table 3c). This HPLC re-puriﬁcation provided a III-30
sample that could be usefully compared to the helix-fraction
sample taken from gel ﬁltration.4. Discussion
4.1. All techniques for measuring peptide unfolding yield consistent
data
Several lines of argument lead us to conclude that the LTT is
a helix unfolding event, akin to the HTT, rather than some other
molecular rearrangement.
First, CD, DSC, and polarimetry all report similar HTTs-to-LTT
ratios for a given peptide, suggesting that the underlying processes
are fundamentally related (Fig. 2).
Second, we discount dispersal of peptide aggregates prior to
unfolding as the cause of the LTT, because we did not observe NMR
peak broadening as the temperature was raised through the LTT
temperature range, instead the peak simple disappeared over the
HTT temperature range. Light scattering experiments also provide
no evidence for aggregation of a sample Toolkit peptide (data not
shown). Moreover, helix aggregation might be expected to cause
a higher temperature transition as a shoulder to the main HTT, as it
should stabilize the peptide helix in the same manner that aggre-
gation or ﬁbril formation stabilizes whole collagen [15,36,37]. This
was not observed.
Third, if the LTT was due to some rearrangement of the helix, it
might be expected to have a similar, ﬁxed signal ratio to the HTT,
given the similarities within Toolkit peptides, as the amount of
helix rearrangement should directly correlate with the amount of
helix. It might also be expected to happen at some predictable
temperature relative to the HTT. Neither of these is the case.
Fourth, no known transition can account for the LTT except
helical unfolding. While some helix rearrangement prior to heat-
denaturation has been reported in previous work [22], it is
a subtle change in proline ring pucker, with little else observable by
NMR. This is unlikely to account for the signiﬁcant enthalpy (DSC)
and rotation signals we observe here from the LTT. As the LTT can
account for more than 50% of the total signal change between 8 C
and the fully denatured state (w70e90 C), it must least involve
signiﬁcant changes to hydrogen bonding or helical twist if it were
not helix unfolding itself.
Fifth, if no time is allowed for helix to refold at 8 C after heat-
denaturation, only a trace signal is observed across the tempera-
ture spectrum produced by DSC, polarimetry, and CD (data not
Table 4
Using the imperfection model to explain helical unfolding data. Real data is analyzed from Figs. 1 and 4, and 5 as detailed in the left column. Parameters used in the
“imperfection model” are shaded in grey and used to generate the traces in Fig. 6 (left column). Real and model-generated data can both be interpreted using the D/z equation
to give two ﬁts, one for each of the LTT and the HTT. As the imperfection model generates traces with a total signal of 1, the residual sum of squares remaining after ﬁtting the
HTT and LTT are comparable. Model parameters given here that generated the traces 6f-h had been adjusted to try an mimic the data shown in Figs. 1f, 4b (fracs 4e6), and 5b
respectively. * allowed to vary from 97% as no good ﬁt was possible (see section 4.5).
Figure Peptide Empirical data type Two-ﬁt data interpretation
HTT LTT Residual sum
of squares
Tmax z % total Tmax z % total
1d III-10 Polarimeter (crude peptide) 53.0 9.3 64 39.0 16.4 36 n/a
1e, 2 III-10 Polarimeter (HPLC-puriﬁed) 53.3 8.0 67 40.7 14.5 33 n/a
2 III-10 CD CD (HPLC-puriﬁed) 54.2 6.9 51 42.0 19.8 49 n/a
2 III-10 DS DSC (HPLC-puriﬁed) 53.1 6.2 58 42.5 22.8 42 n/a
1f III-10 Polarimeter (HPLC re-puriﬁed) 52.7 8.4 78 37.0 13.8 22 n/a
4b CRP Polarimeter (HPLC-fractions 4e6) 76.2 11.1 87 49.8 25.7 13 n/a
4b CRP Polarimeter (HPLC fraction 7) 75.9 11.0 68 49.2 77.0 32 n/a
4b CRP Polarimeter (HPLC fraction 8) 74.8 12.2 65 40.4 63.8 35 n/a
4b CRP Polarimeter (HPLC fraction 9) 74.0 12.5 26 55.1 47.4 74 n/a
4b CRP Polarimeter (HPLC fraction 10) 75.3 13.2 40 49.5 35.9 60 n/a
4b CRP Polarimeter (HPLC fraction 11) 74.8 12.1 22 60.7 43.2 78 n/a
4b CRP Polarimeter (HPLC fraction 12) 76.4 15.1 53 45.4 52.4 47 n/a
4b CRP Polarimeter (HPLC fraction 13) 75.2 12.0 30 57.1 49.2 70 n/a
5b III-30 Polarimeter (HPLC-puriﬁed) 43.9 15.2 72 31.7 14.8 28 n/a
5c III-30 Polarimeter (HPLC re-puriﬁed) 47.7 6.6 69 35.6 11.0 31 n/a
5d III-30 Polarimeter (helix fraction) 47.8 8.4 80 30.9 12.7 20 n/a
5e III-30 Polarimeter (strand fraction) 45.1 10.8 36 30.0 15.0 64 n/a
Figure Modelled
Peptide
Imperfection model parameters. HTT LTT Residual Sum
of Squares
Tmax z Helical purity (%) %Link
bonus
Tmax z % total Tmax z % total
6a (GPP)21 62.2 5.0 100 n/a 62.2 5.0 100 e e e 0.000
6b (GPP)21 62.2 5.0 40 0 61.5 5.9 68 52.5 26.3 32 0.039
6c (GPP)21 62.2 5.0 40 50 61.5 6.1 69 47.7 17.3 31 0.047
6d (GPP)21 62.2 5.0 40 75 61.6 5.8 66 52.1 9.9 34 0.014
6e Toolkit 48.6 5.0 40 75 48.4 5.7 65 39.1 8.7 35 0.013
6f III-10 54.4 9.1 43 55 52.6 10.2 69 39.7 15.8 31 0.005
6g III-30 47.4 12.5 02 60 46.3 12.5 46 33.5 15.6 54 0.016
6h CRP 76.6 10.5 91* 65 76.6 10.5 97 53.5 29.8 03 0.000
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structure changes or aggregation.
Last and most signiﬁcantly, the CD signal at 225 nm and the DSC
endotherm have already been correlated to helix unfolding, e.g [38].
To conclude, all the evidence points towards the LTT being
a helix unfolding event.4.2. Gel ﬁltration separations based on helical stability
The 36-mer CRP from HPLC-fractions 4e6 was 97% pure.
Similarly-puriﬁed Toolkit peptides III-24 (82%), II-40 (83%) and III-
53 (87%) reﬂect the quality we would expect to achieve routinely
in such peptides, 63-mers. We regard Toolkit peptides III-10 (81%)
and the re-puriﬁed III-30 (77%) as satisfactory, whilst II-5 (70%)
proved more difﬁcult to synthesise and purify in useful yield. The
use of the lower purity (29%) preparations of III-30 is conﬁned to
this study.
From an initial purity of 29% for III-30, the mass spectra data in
Table 3c shows that the purity of the gel-ﬁltered helical fractionwas
improved to 48%, whereas HPLC re-puriﬁcation improved purity to
77%. However, when these were compared by polarimetry (Fig. 5c,
d), 80% of the total signal could be accounted for by HTT from the
gel ﬁltration puriﬁcation, higher than the 69% observed from the
HPLC re-puriﬁed fraction. It follows that imperfections in peptides
within the gel ﬁltration helix fraction have less impact upon helical
stability. We suggest that this helical fraction has proportionally
fewer peptides with imperfections in the centre of the peptide, and
more located near the ends of the peptide, as end-imperfect
peptides will destabilise the helix less. Some doubly imperfect“minus 2 Pro” or “minus ProGly” peptides were found in this
fraction, perhaps implying that double deletions between the same
two residues can occur near the end of the helix.
Conversely, from the same initial purity of 29%, the mass spectra
data show that the purity of the gel-ﬁltered single-strand III-30/
TCEP fraction was reduced to 25%, an increase in the number of
peptide imperfections. As helix and single-stranded peptides are in
equilibrium, “removing” the helical component from an equili-
brated solution by gel ﬁltration shifts the equilibrium such that
single strands may now fold over 12 h to form more helix, observ-
able by polarimetry. However, the resulting polarimetry trace for
this fraction had just 20% of its signal accountable for by an HTT
(Table 3c), lower than the initial 26% (Table 3c), and the LTT Tmaxwas
visibly shifted to w28 C (Fig. 5e) as opposed to an initial w35 C
(Fig. 5b). Therefore, peptides with helix-disrupting imperfections
were concentrated in the single-strand/TCEP fraction of III-30.
This data illustrates that the destabilisation effect of imperfect
peptides upon a helix is dependent upon the location of the
imperfection, and that if helicity is the goal, removal of helix-
disrupting imperfections by gel ﬁltration may be more effective
than direct puriﬁcation of an unfolded peptide.4.3. Even very low purities have little effect upon the Tmax of the
high temperature unfolding transition
So far, we have mathematically ﬁtted an HTT curve to the data
from the purest sample and calculated the proportion of signal that
is accountable by this HTT. We have then taken the same param-
eters for Tmax and z and attempted to ﬁt the “pure” HTT to samples
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percentage of the signal in each trace due to the HTT, standardized
on the purest peptide we can obtain.
Most unfolding analysis in our laboratory is performed only
once as a quality control on each peptide, and the purity may vary
between peptides. The question, then, is how the observed HTT,
determined by a 2-part transition analysis, varies from that of the
pure peptide. Analysis of the data from Figs. 1,2 and 4, and 5 yielded
the results in Table 4. The 97% pure CRP from fractions 4e6 was
found to have an HTT of 76.2 C (Table 4). Surprisingly, the less pure
fractions also yielded HTTs between 74.0 C and 76.4 C (Table 4)
showing that even quite impure peptide yields a good estimate ofFig. 6. Helical transition proﬁles generated by the peptide imperfection model. Trace
(a) shows a single transition event (peak width parameter z ¼ 5) as expected for a 100%
pure (GPP)21 peptide with a Tmax of 62.2 C. Upon reducing the purity to 40% (bed),
the pure proportion (grey) still unfolds in the same manner. The remaining signal
which makes the total, the thick line, is from helices with lower melting temperatures
containing peptides with various imperfections. Trace (b) assumes that any imper-
fection completely disrupts the helix, while traces (c) and (d) assume that 50% or 75%
(respectively) of the stability bonus due to a proximal helix is conveyed across the
imperfection. Trace (e) shows how trace (d) would look for a typical Toolkit peptide of
lower stability than (GPP)21. Traces (feh) are generated from parameters (see Table 4)
designed to mimic the real results seen for II-10 (f), III-30 (g), and CRP (h). Each trace
has 2 other component curves from an analysis that assumes that there are just high
temperature and low temperature unfolding elements to the data (Table 4), with only
small residuals. This latter 2-component analysis is simpler to do routinely and makes
no assumptions other than being a convenient way to describe the data.the intrinsic HTT. However, the unexpectedly high HTT from frac-
tion 12 was also the broadest peak of the set, with z ¼ 15.1, sug-
gesting that its 76.4 C Tmax was less accurate.
This conclusion was reinforced by analysis of the Toolkit
peptides III-10 and III-30. Tmax of the HPLC-puriﬁed peptide III-10
was 53.5  0.3 C and its peak width was z ¼ 8 or less (3 tech-
niques) compared to the 53.0 C estimated from the crude peptide,
which had the higher value of z of 9.3 (Table 4). Likewise, Tmax of the
helical fraction from gel ﬁltration of III-30 was 47.8 C and z ¼ 8.4,
and Tmax of the re-puriﬁed III-30 HPLC fraction was 47.7 C and
z¼ 6.6, whereas the initial, poor quality, HPLC-puriﬁed fraction had
a Tmax of just 43.9 C, whilst its z¼ 15.2 peakwidth was an indicator
of poor accuracy. We conclude that this “two temperature transi-
tion” analysis gives an HTT Tmax generally within 1e2 C of the true
Tmax, the level of accuracy varying inversely with the z value.
4.4. The width (z) of an unfolding transition is indicative of the
heterogeneity of the helices that are unfolding
The observed Tmax of the LTT from the same peptide varied
greatly depending on the purity of the sample. For the impure CRP
fractions 7e13, Tmax values were recorded between 40.4 and
60.6 C, with the LTT Tmax of the pure fraction being 49.8 C. The
corresponding z values were between 36 and 77 (Table 3) and 26.
Impure CRP peptide HTT z values were far lower, ranging between
11.0 and 15.1, with z ¼ 11.1 for the HTT of the purest CRP helix we
could form. Therefore, the typically large z reported from CRP LTTs
must reﬂect the unfolding of a mixture of different helices with
varying imperfections.
This is observed to a lesser extent with Toolkit peptide LTT Tmax
values. The purest peptide III-10 and III-30 fractions report LTT Tmax
values of 37.0 C and 35.6 C respectively, with impure fractions
reporting values up to 5 C different. The accompanying LTT z
values are 13.8 and 11.0, with impure fractions yielding z¼ 16.4 and
14.8 respectively. These values are larger than the HTT z values of
the purest III-10 and III-30, those being 8.4 and 6.6 respectively.
The analysis of the LTT in Table 4 is therefore more useful as an
indicator of peptide heterogeneity, rather than a measure of the
Tmax of an imperfect helix, since it attempts to ﬁt the unfolding of
multiple helix species as though they were just one species. Any
value of z over 12 for the shorter CRP peptide, or over 9 for the
longer Toolkit peptides, would suggest that the unfolding transition
is due to the presence of more than one type of helix.
4.5. Equilibrium-based investigations to calculate Tm detect impure
helices poorly
Even for shorter peptides, mass spectra have been published
where a 5e8% “minus Pro” imperfection within (POG)10 was
considered acceptable [24]. The occurrence of imperfection will
increase with peptide length. Equilibrium or near-equilibrium
unfolding studies cannot easily detect different helical forms. As
temperature increases, the 15e25% of helices containing an imper-
fection, assembled from a peptide that is 5e8% impure, will unfold
ﬁrst, and the 2 pure strands out of 3 released from those helices may
then refold slowly to a new equilibrium, where they are again helical
while the imperfect strands do not refold. The LTT will be hard to
detect, being 1/3 of the amplitude of that seen in kinetic unfolding
systems and representing the unfolding only of imperfect strands;
this is possibly why LTTs have remained unreported for so long.
Equilibrium measurement of such peptides also presents a problem
for those calculating DS or DH values from CD or polarimetry data.
The impurity will reduce the fraction folded, and cause both DS and
DH to be less negative, resulting in a slight increase in calculatedDG
values for temperatures below the unfolding temperature.
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temperature signal
One enduring feature of the LTT is that it is separable from the
HTT. It normally appears as a well-deﬁned shoulder on the side of
the HTT, but can also be present as a distinct peak (see III-24, Fig. 2).
However, we had expected imperfect helices to have apparently
random Tmax values lower than that of the HTT of the pure peptide,
displaying no deﬁned peak.
The above data showed that impurities can cause the LTT, so we
attempted to formulate a mathematical model (materials and
methods) which could describe the unfolding of all the helical pop-
ulations within a sample, and generate a well-deﬁned LTT derivative
signal as it might be observed by DSC, CD, or polarimetry. Starting
from pure (GPP)21 peptide that is expected to have a HTT Tmax of
62 C, we generated an expected transition of unity area using a z
value of 5.0 for peptides of 21 triplets to give the trace in Fig. 6a,
where z¼ 5 is the lowest valuewehaveobserved uponanalysis of the
full Toolkit peptide set (data not shown). We then simulated the
unfolding of the same peptidewhen its helical purity is just 40%. If an
imperfection in the helix has no effect, then the stimulated transition
is identical to Fig. 6a. The opposite is shown in Fig. 6b, where the
helices on either side of the imperfection are assumed to fold and
unfold entirely independently. There, the contribution of the pure
helix is ﬁlled in grey, while that of the impure helices is inwhite. The
additional two ﬁtted curves show how the generated data may be
interpreted by a two-transition HTT and LTT analysis, for which the
parameters are given in Table 4. This type of transition in Fig. 6b is
generally not observed for Toolkit peptides (see Fig. 2), so Fig. 6c and
d showoverall unfolding transitionswhen the link bonus is set at 50%
and 75% respectively (see materials and methods). With these
parameters in place, a broad peak becomes evident, with a Tmax of
w45 C and w52 C in Fig. 6ced respectively, similar to the LTT
observed in real data. The effects of the link bonus are described in
detail in supplementary Fig. 1.
The model also predicts LTT transitions for Toolkit peptides
when parameters are adjusted according to their sequences and
HTT Tmax values (Fig. 6e). To further test this, we allowed these
parameters to take optimal values in order to mimic data derived
from III-10 (Fig. 6f, mimicking Fig. 1f), III-30 (Fig. 6g, mimicking
Fig. 5b), and CRP (Fig. 6h, mimicking Fig. 4b, fractions 4e6). In each
case, the helical purity had been calculated from the peptide purity
as determined by mass spectroscopy, and was not initially allowed
to vary. Only Tmax, z, and the link bonus were altered to ﬁt the data.
While the model was able to provide transitions that were
visibly close to real data, it remains imperfect on three counts. First,
the calculated link bonus differs between traces 6f-h (Table 4)
despite similarities in how the helix is interrupted, and this value
signiﬁcantly affects both amplitude and Tmax of the modelled LTT.
Second, we were unable to obtain a good ﬁt to the CRP data. With
97% pure CRP peptide coming from fractions 4e6, the model
predicts that w97% of the total signal should be in the HTT as
opposed to the observed 87%, suggesting that there is some other
factor that can induce an LTT within CRP and thereby possibly
within Toolkit peptides also. Third, the notion that a 10% peptide
imperfection will cause 30% of the resultant folded helices to be
imperfect is simplistic as impure peptides will not fold into helices
as fast as pure peptides, and thus 30%will be an over-estimate, with
the model slightly exaggerating the LTT.
5. Conclusion
For both CRP and Toolkit peptides, we have demonstrated that
peptide imperfection is one variable that can account for the
majority of the low temperature transition observed bypolarimetry, DSC, and CD. This transition is caused by the unfolding
of imperfect peptide helices. The LTT is observed in the CRP due to
its almost optimal helix-inducing sequence, and in Toolkit peptides
due to their length. Gel ﬁltration and the imperfection model show
that the helix-destabilising effect of an imperfection is dependent
upon its location within the peptide. Unfolding of helices with
imperfections towards their ends contribute to the HTT, whilst
helices with imperfections in the middle cause an LTT. Such helix
heterogeneity broadens the HTT without signiﬁcantly changing
Tmax. The Tmax of the far broader LTT varies much more, where z
becomes a parameter that describes the heterogeneity of the helical
mixture. We have demonstrated that these data can be replicated
closely using a mathematical model that uses a link parameter
describing the effects of an imperfection upon helix stability. This
strengthens the interpretation that the LTT can be caused by
peptide imperfections. In published work where an LTT was
observed and commented on, it was interpreted as a partial
unfolding of the helix. Given thework reported here, and the lack of
an accompanying mass spectrum, it is possible that those effects
were due to imperfect peptide helices.
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